Abstract: Direct torque and flux control (DTFC) is known for its reduced torque and flux ripples compared to the classical direct torque control scheme. It can drive an interior permanent magnet synchronous motor (IPMSM) in usual control regimes while satisfying current and voltage limits of the system. However, deep flux-weakening control of an IPMSM under DTFC has not been investigated as extensively, especially operation along the maximum torque per voltage (MTPV) trajectory in the torqueflux plane. This study proposes a simple and effective control method, which incorporates MTPV trajectory in the conventional flux-weakening algorithm of DTFC. Performance of an IPMSM drive is analysed when operated with the proposed control method.
Introduction
Among various control techniques, the direct torque control schemes are proven to provide simplicity, fast dynamic response and less parameter dependency compared to the current vector control schemes [1] [2] [3] [4] . The classical direct torque control (DTC) scheme which uses hysteresis controllers and a switching table is widely used in driving electrical motors position sensorlessly, because the estimation of torque and flux can be carried out in the stationary reference frame [5] . However, one of the main drawbacks of classical DTC is the unavoidable large ripple in the torque and flux responses. As an alternative, a modified DTC scheme which reduces torque and flux ripples was proposed in [6] [7] [8] for an interior permanent magnet synchronous machine (IPMSM) drive. The proposed method replaces hysteresis controllers and the switching table of classical DTC with a PI controller and space vector modulation. Even though this method is known to provide reduced flux and torque ripples, it is comparatively noisy and complex [7] . The modified DTC later evolved as direct torque and flux control (DTFC) scheme and gained the attention of the research community as it can provide far less torque and flux ripples while retaining the desirable features of classical DTC [9] . In the DTFC scheme, two PI controllers are used in order to regulate the torque and flux individually.
Many high-performance industrial drives prefer interior permanent magnet synchronous motors due to their desirable characteristics such as high efficiency, flux-weakening capability and compact size. The flux-weakening capability is indeed an advantage to an IPMSM, because it allows the motor to achieve a wide speed range under the system constraints. Ability to operate in a wide speed range brings the benefit of efficient energy utilisation. Typically, trajectory control is implemented in IPMSM drives to achieve optimum torque performance at the constant torque and power regions [10] [11] [12] . Current vector controlled IPMSM drives use maximum torque per ampere (MTPA) trajectory, current and voltage limit trajectory and maximum torque per voltage (MTPV) trajectory defined on i d -i q plane for the efficient operation of the motor over a wide speed range. It is noteworthy that the MTPV trajectory control can be applied only if the characteristic current (ratio of magnet flux-linkage over the daxis inductance) of the IPMSM is less than the rated current. If the characteristic current happens to be larger than the rated current, MTPV trajectory lies outside to the current limit circle in the i d -i q plane as shown in Fig. 1a and cannot be incorporated in the control algorithm. The MTPV trajectory which is also known as voltage limited maximum output trajectory and maximum torque per flux (MTPF) trajectory was used to extend the motor speed to the deep flux-weakening region by minimising flux for maximum torque [11, [13] [14] [15] [16] [17] when the machine rated current is larger than the characteristic current. The trajectories defined on i d -i q plane for current controlled IPMSM drives can be incorporated in the DTC schemes by transforming them to torque (T)-flux (λ) plane [18, 19] . It was shown in [19] that operating along the MTPA, current and voltage limit trajectories defined on T-λ plane can deliver satisfactory results for low and medium speed operations of IPMSM drives under DTFC scheme. However, operation in the deep flux-weakening region along the MTPV trajectory defined on T-λ plane was not discussed in these papers.
Various implementation methods of MTPV control under classical DTC scheme were discussed in [20] [21] [22] . The method proposed in [20] uses an analytical equation to generate the flux reference for trajectory control in IPMSM. The analytical and numerical techniques presented in this paper were complex and no flux-weakening speed range was included in the results. The method presented in [21] uses MTPV control to achieve optimal efficiency operation. However, the method heavily relies on the look-up tables, which need to be pre-determined from experiments or FEA calculations, and may not be easy to implement directly on an industrial drive. The control scheme of [22] modifies the flux reference and torque limit according to the torque error and extends the flux-weakening operation up to the MTPV control region. However, the proposed method of [22] was presented through simulation study only, no experimental verification was provided. In [23] , a method based on the maximum torque angle was proposed for the modified DTC scheme, but the MTPV trajectory in the T-λ plane was not shown.
In this paper, a new method to include MTPV control in DTFC is proposed and the effectiveness of the proposed method has been verified by the experimental implementation. It was shown that by operating the machine along the optimum control trajectories defined on T-λ plane, the load angle can be maintained below the maximum allowed load angle. Specially, when MTPV trajectory control is carried out, it ensures maximum load angle under minimum flux condition and the load angle is maintained at or slightly below the limit at all times. A preliminary study of a direct toque and flux controlled IPMSM in the deep flux-weakening region using MTPV trajectory control was reported in [24] . This paper extends the work presented in [24] by further analysing the results obtained from experimental implementation. The experimental results were obtained by operating the drive system position sensorlessly over a wide speed range. If parameter variation is not significant in a machine, implementation of the proposed method is simple because it only depends on the optimum control trajectories of the IPMSM derived off-line using machine dq model and does not require any prior experimental work except finding motor dq parameters. If parameter variation is significant in a machine, the proposed method can also be modified by incorporating online parameter estimation techniques available in the literature [25] [26] [27] .
This paper is organised as follows. After this introduction, a brief description about the DTFC scheme is presented in Section 2. Then the proposed control method is explained in Section 3. In Section 4, experimental results are presented for the proposed position sensorless drive implemented on an IPMSM. Section 5 concludes the paper.
Direct torque and flux control

Principle of DTFC in an IPMSM
The mathematical model of an IPMSM in the rotor reference frame is given below:
and L q are d-axis and q-axis voltages, currents and inductances, respectively. R s , λ f and ω r are stator resistance, permanent magnet flux linkage and electrical angular velocity of the rotor, respectively. By using reference frame transformations, it can be shown that the electromagnetic torque (T) of the machine in the stator reference frame is [5] 
where λ s and p are the stator flux linkage and number of pole pairs of the machine. Equation (3) shows that the torque is directly proportional to the y-axis component of the stator current, if the amplitude of the stator flux linkage λ s is a constant.
Equations (1) and (2) can be represented in the stator reference frame as (4) and (5), where ω s is the speed of the stator flux vector [9] 
Equations (4) and (5) show that the stator flux and torque can be regulated by the x-and y-axis components of the stator voltage. Based on this, two PI controllers are used in the DTFC scheme to regulate the stator flux and torque. The output of the PI controllers generates x-and y-axis components of the stator voltage which can be transformed to αβ stationary reference frame to generate the space vector modulation for the inverter. The stator flux linkage and electromagnetic torque in the αβ stationary reference frame can be estimated using (6) . The estimated torque and stator flux linkage are used as the feedback to the PI controllers for the closed-loop torque and flux control
where
Trajectory control for DTFC
The MTPA, MTPV, current and voltage limit trajectories defined on the T-λ plane are incorporated in the DTFC scheme to achieve the optimum operation of IPMSM drive.
MTPA trajectory:
The MTPA trajectory defined on the i d -i q plane can be transformed to T-λ plane by calculating torque and stator flux for each i d and i q pair using as
Figs. 1a and b show the MTPA trajectory in the i d -i q and T-λ plane, respectively.
Current and voltage limit:
The constraints of current and voltage in the i d -i q plane are given in (8) and (9). I sm and V sm are the maximum available current and voltage. Usually the voltage drop due to the armature resistance is pre-compensated in the voltage limit
The current limit can be plotted in the T-λ plane by calculating torque and stator flux using (10) for each i d and i q pair in (8)
If the stator resistance drop is neglected, the stator voltage is proportional to the rotor speed ω r and stator flux linkage λ s , as shown in (11), which gives the voltage limits in the T-λ plane for various speeds
The voltage limit trajectories in the i d -i q and T-λ plane are, respectively, as shown in Figs. 1a and b for base speed (ω 1 , maximum speed at constant maximum torque is available), critical speed (ω 2 , minimum speed for the voltage limited maximum output operation) and crossover speed (ω 3 , speed at which the back EMF reaches the limiting value) of an IPMSM. The voltage limit trajectories of various speeds which are concentric ellipses in the i d -i q plane become vertical lines in the T-λ plane.
MTPV trajectory:
Flux-weakening control allows an IPMSM to achieve a wider speed range under voltage and current constraints of the system. As explained in Section 1, if the characteristic current of the IPMSM is less than the rated current, MTPV trajectory control can be carried out to extend the motor speed further in the flux-weakening region. The relationship between i d and i q for MTPV control is given in (12) [11] 
Torque and flux can be calculated using (10) 
Proposed control method
Trajectory control for a wide speed range
Conventionally, MTPA, current and voltage limit trajectories defined on T-λ plane are used in constant torque and fluxweakening operations. However, flux-weakening range of a motor can be significantly increased by carrying out MTPV trajectory control as it provides the maximum torque under minimum flux condition. For MTPA operation under DTFC, torque reference is determined by limiting the output of the speed controller to the maximum torque that can be gained with MTPA control, which is the intersection of MTPA trajectory and current limit trajectory. The stator flux linkage reference for MTPA control is selected from a look-up table. The look-up table can be constructed by finding the stator flux linkage for each torque value on the MTPA trajectory. For conventional flux-weakening operation, the torque reference is obtained by limiting the output of the speed controller to the intersecting points of current and voltage limit trajectories. To implement this, a look-up table based on the torque values of the intersecting points can be used. The stator flux reference for flux-weakening operation is calculated from (11) . The torque reference for MTPV control can be obtained from a look-up table that limits the speed controller output according to the MTPV trajectory. Similar to the conventional flux-weakening control, the stator flux reference for MTPV control is calculated from (11) . In the proposed method, look-up tables are not necessary to obtain the torque and flux references for MTPA and flux-weakening control. By using curve fitting techniques, it is possible to derive equations for each trajectory on the T-λ plane which can be directly used in the control scheme. However, by implementing look-up tables, computational time can be greatly reduced.
In the proposed method, control along each trajectory is decided based on the motor speed and load torque. Initially, the motor speed is checked for the MTPV condition. If the motor speed is greater than the critical speed, torque limit and flux reference are selected according to the MTPV trajectory. If the motor speed is below base speed, MTPA trajectory is selected for any load. If the motor speed is above base speed and below crossover speed, MTPA control or flux-weakening control is applied depending on the load. Between base speed and crossover speed, if the applied load is high enough for back EMF to reach its limiting value, fluxweakening control needs to be selected, otherwise MTPA control is carried out. As the stator flux-linkage of the machine is proportional to the developed voltage, switching between MTPA and flux-weakening control in DTFC is decided by comparing stator flux-linkage under MTPA and flux-weakening operations as shown in Fig. 2 . If the motor speed is greater than crossover speed, flux-weakening control is needed for any load condition. The summary of selection criteria is shown in Fig. 2. 
Load angle control
The variation of load angle (δ) with the stator flux linkage under trajectory control is shown in Fig. 3 . The maximum allowable load angle (δ max ) for the stable operation of IPMSM can be calculated from (13) [18] 
It was found that the calculated load angle for the MTPV trajectory coincides with the δ max . Consequently, if the IPMSM is controlled along the MTPV trajectory defined on T-λ plane, the load angle never exceeds its limit (δ max ) as depicted in Fig. 3 . The torque expression in terms of the amplitude of the stator flux linkage and load angle was given in [18] . If maximum load angle is used in the torque expression as shown in (14) , it generates an equivalent torque as MTPV trajectory for a specific stator flux linkage. Therefore, to limit the torque for MTPV control, either a look-up table based on the trajectory or (14) can be used 
Inoue et al. [23] also suggests (14) for the MTPV control of a drive system operated under modified DTC. However, the paper did not discuss the relationship between the MTPV trajectory and the maximum load angle condition. According to Fig. 3 , it is clear that the drive system can become unstable, if the motor is operated along the current limit trajectory after 'A', due to the exceeding of the maximum load angle. As explained above, this instability can be eliminated by operating along the MTPV trajectory which automatically allows the maximum load angle operation of the IPMSM. However, realising maximum load angle operation in the experiment can be difficult, as the system tends to become unstable when operated at the limit. Therefore, the torque reference needs to be limited to a value slightly less than the theoretical value given by (14).
Adaptive sliding mode observer (SMO) for flux estimation
The closed-loop flux estimation techniques such as extended Kalman filter and SMO are typically used in very low speed sensorless drives, because the small back EMF generated at low speed is not sufficient to estimate the rotor position [28, 29] . The problem with the back EMF-based open-loop flux estimation at medium-and high-speed is the voltage integration, which suffers from the dc offset and drift of the feedback signals. To minimise the effect, a first-order low-pass filter can be used instead of the pure integrator [30] . However, selecting a proper filter cut-off frequency such that the flux estimation is carried out accurately over a wide speed range is challenging. Therefore, instead of openloop flux estimation, SMO-based flux estimation method was selected in this paper to carry out the sensorless operation satisfactorily in the medium-and high-speed range. The adaptive SMO explained in [29, 31] was adopted in this paper. It simultaneously estimates stator flux linkage, speed and rotor position. The structure of the observer is briefly presented below. The adaptive flux observer can be expressed in the estimated rotor reference frame by considering stator current and flux components as the output and state variables
The superscript ˄ denotes estimated values and K and ϕ are feedback gains of the observer. The sliding hyperplane S is defined on the basis of the stator current errors. The estimation error dynamics of the state variables are as follows. The superscript ∼ denotes estimated errors
From the Lyapunov stability theorem, an update law can be derived for the rotor speed estimation [31] and it can be further modified to a PI estimator as shown in (18) for the improved dynamic behaviour of the speed estimation
K sP and K sI are the proportional and integral gains of the PI estimator. The estimated speed is used in the adaptive model of the observer and speed control loop after low-pass filtering. The integral of the estimated speed gives the rotor position. The block diagram of the adaptive observer and DTFC scheme is given in Fig. 4 . The estimated flux components obtained from the observer are used to estimate the magnitude of the stator flux linkage and electromagnetic torque as
Results and discussions
This section presents experimental results of the IPMSM operated with the DTFC scheme described in Sections 2 and 3. The experimental setup is shown in Fig. 5a . The IPMSM which has parameters as shown in Table 1 was powered through an IGBT inverter equipped with isolated DC supply, voltage and current sensors and protection circuit. The motor was loaded by a direct coupled three-phase servo motor and a torque transducer was used to measure the shaft torque. The control algorithms were implemented on a DS1104 controller board. Experimental inductances of the studied IPMSM shown in Fig. 5b demonstrate that the inductance variation is not significant, even for high load conditions. Therefore, constant parameter values were used in the control algorithm throughout the experiment. A rotary encoder was used to measure the rotor position and speed at the start-up and low speed operation. At medium and higher speeds, the drive system was operated sensorlessly while position and speed from the encoder was used only to verify the estimated speed and rotor position. It should be noted that it is possible to operate the motor sensorlessly at zero and very low speed, using techniques such as high frequency signal injection. However, since this study concerns deep flux-weakening speed range, sensorless operation at very low speed or standstill was not attempted. The controller gains and feedback gains of the SMO were obtained as shown in Table 2 , by online tuning of the system.
Dynamic performance of the IPMSM drive under sensorless DTFC
The experimental results obtained from the direct torque and flux controlled IPMSM drive under a step-load change at base speed is shown in Fig. 6 . Initially, the IPMSM was run at the base speed of 1500 rpm under no load condition, and then the full load was applied at t = 1 s. At t = 4.6 s, the load torque was removed and the machine returns to the no load condition. The response times for loading and unloading are different, because it depends on the available acceleration torque in the motor during loading and unloading. As shown in Fig. 6 , the torque available for the motor to accelerate back to the reference speed during loading is ∼0.1 Nm. In contrast, during unloading, a torque of 0.85 Nm is available for the motor to return to its speed reference. Due to this reason, a fast dynamic response can be expected for unloading. The speed, torque, flux and load angle responses given in Fig. 6 indicate a fairly good dynamic performance of the sensorless IPMSM drive at the base speed. The load angle is maintained at ∼90° for the rated load condition under MTPA control, as theoretically suggested in Fig. 3 (intersection point of MTPA and current limit trajectory).
To observe the dynamic performance with flux-weakening control, acceleration of the IPMSM from 1000 to 4500 rpm under no load was considered. After the critical speed of 3500 rpm, MTPV trajectory control was implemented in the control scheme to obtain the wide speed range. The experimental results are shown in Fig. 7 . A smooth transition among MTPA, flux-weakening and MTPV operations was achieved under the proposed method. The steady-state torque and flux ripples at 4500 rpm are ∼3.71 and 3.84% of rated torque and flux. The variation of the load angle and motor current are also shown in Fig. 7 . Fig. 7 clearly illustrates the maximum load angle allowed and the load angle of the system which happens to lie below the limit, particularly in the MTPV control region. Theoretically, when the motor is operated under MTPV control, the load angle of the system should equal to the maximum load angle. However, it is difficult to operate the motor in the maximum load angle condition practically, because during transients, it tends to make the system unstable even for a slight exceeding of the allowed maximum load angle. Therefore, a tradeoff needs to be made between the stability and maximum torque under MTPV control, if the wide-speed-range operation is intended. This is typically done by reducing the torque limit given by (14) from a factor k where 0 < k < 1 [23] . However, in this paper, the integral gain of the PI estimator was carefully selected such that the torque and flux control is carried out accurately over a wide speed range while the load angle is maintained below the limit. Fig. 8 shows the operating trajectory on the T-λ and i d -i q plane for the acceleration of IPMSM.
Steady-state performance of the IPMSM drive under sensorless DTFC
The experimental results of the motor at the speed of 4000 rpm with full load under MTPV control are shown in Fig. 9a . The estimated speed, torque and flux plotted with their references indicate that the sensorless control of the IPMSM is performed adequately at the full load condition. The stator flux linkage and peak current are at 0.185 Wb and 0.9 A, respectively, for the full load of 0.45 Nm. The torque and flux ripples are within an acceptable limit of ∼9.25 and 12.8% of the rated torque and flux. Note that the load angle of the system is at 95° while the maximum lies at 113°. Fig. 9b shows estimation errors at 4000 rpm under the full load condition. The speed error is bounded within 2 rpm but its average Fig. 9b also shows the estimated and calculated αβ stationary reference frame flux components at 4000 rpm under full load condition. The estimated flux linkage is obtained from the SMO. The measured d-q-axis currents are used in (10) to obtain the calculated flux linkages. Typically, the effect of noise and other disturbances of the motor due to flux-weakening at high speeds, especially with full load, is reflected in the d-q-axis currents. As a consequence, the calculated flux-linkages slightly deviate from the perfect sinusoidal shape as shown in the bottom trace of Fig. 9b. 
Power-and torque-speed characteristics
In this section, output power and torque capability of the studied IPMSM under the proposed control method is discussed. Fig. 10 presents power-and torque-speed characteristics of the motor for the speeds above 1000 rpm. The motor delivers a constant torque at the speeds below the base speed of 1500 rpm. A constant power can be obtained from 1500 to 3500 rpm, but above 3500 rpm power starts to drop. Constant power operation is possible until the critical speed of 3500 rpm because maximum current operation can still be possible up to this speed. Beyond this speed, voltage limit ellipses shrink inside the current limit circle, which implies that rated current operation is no longer possible without exceeding the maximum voltage limit of the machine. This is the main reason for the drop of power beyond the critical speed. The speed dependant losses in the machine also increase with speed, which also accounts for reduction in power beyond the critical speed. It was noticed that the maximum operating speed of the motor is 5000 rpm under MTPV control. After 5000 rpm, speed cannot be increased further as the limited torque in the deep flux-weakening region is not sufficient to generate the acceleration required.
Conclusion
In this paper, wide-speed operation of a direct torque and flux controlled IPMSM drive was discussed. For a wide speed range, the MTPV trajectory which delivers the optimum performance by minimising flux for maximum torque can be incorporated in the conventional trajectory control of DTFC. It was observed that the load angle of an IPMSM can be indirectly controlled by operating along the trajectories defined on T-λ plane. The operation along MTPV trajectory under DTFC can extend the motor speed to the deep flux-weakening region without violating the maximum load angle condition. 
